Reproducibility Spatial resolution 2 compartment phantom a b s t r a c t Background: The purpose of the study is to evaluate the reproducibility and repeatability of the compartmental diffusion measurement. Methods: Two identical whipping cream phantoms and two healthy SpragueeDawley rats were scanned on a 7T MR scanner, each repeated for three times. Diffusion weighted images were acquired along 30 non-collinear gradient directions, each with four b-values of 750, 1500, 2250 and 3000 s/mm 2 . Slice thickness and field of view were used to create different combinations of voxel sizes, varied between 1.210 and 2.366 mm 3 in phantom and 0.200e0.303 mm 3 in rat brains. Multiple averages were used to achieve a controlled signal to noise ratio.
Diffusion MRI has been widely used to investigate the change of tissue microstructure during a pathological process [1e4] . In order to characterize the directional dependence of water diffusion, diffusion tensor imaging was proposed [5, 6] , with many successes in studies of neurological diseases [7e9] and white matter fibers tractography [10, 11] . The measurement of water diffusion by MRI often assumes that the diffusion occurs in a free and homogeneous environment [12] . However, compartmental diffusion might occur in the biological tissue because the cell membranes and organelles could act as barriers. As a result, the distribution of water diffusion could be deviated from the assumption of Gaussianity. Diffusion kurtosis imaging has been proposed to probe the non-gaussian nature of compartmental diffusion [13e15] . Both DTI and DKI could provide semi-quantitative parameters, such as the diffusivity and the diffusion kurtosis along either the radial or axial directions, or their averages (mean diffusivity and mean diffusion kurtosis).
The effect of signal to noise ratio on the diffusion measurement could be complicated in a compartmental model, because the signal decay is multi-exponential. The spatial resolution might further contribute to the variation of the measured diffusion parameters because the reduced voxel size is associated with decreased SNR [16] . The diffusion kurtosis in a two compartment model could be overestimated at reduced slice thickness up to 4 mm [17] . Unfortunately this very large voxel size could not be used in general preclinical routine because of poor anatomical information. These observation leads to concerns about the reproducibility and repeatability in a diffusion measurement because the comparison between studies might be invalid if the diffusion properties change significantly with the voxel sizes.
The whipping cream has been previously proposed as a good model for compartmental diffusion, because both the measured diffusion coefficient and mean kurtosis are similar to that in human brain [17] . The fat and water components in the cream phantom will be spatially separated by 3.5 ppm because of chemical shift effect, thus created a portion of single compartment diffusion, i.e. water as well as fat, and a portion of two-compartment diffusion, i.e. cream. This study proposed to investigate the dependence of diffusion measurement on spatial resolution in a range which is in current use for rat study while the SNR remained constant. Both the reproducibility and repeatability of diffusion measurements in a non-gaussian environment will be examined in a twocompartment phantom and in a biological environment in vivo.
Methods and materials

Preparation of phantom and rat
Whipping cream (35.1% fat, "Whipping Cream", President, manufactured by Societe Laitere de L'Hermitage, France) was filled into two 50 mL centrifuge tubes, which were placed in the scan room of a controlled room temperature (22 C) for a prolonged period. Two phantoms were created, each was scanned three times in an interleaved manner.
The in vivo reproducibility was evaluated using two healthy rats (SpragueeDawley, 300e400 g). Each rat was imaged three times separated by one week. All procedures were in accordance with and approved by the institution's Animal Care and Use Committee. A dedicated rat holder with both tooth and ear bars was used to fix the head of the animal. During the imaging experiment, the rat was anesthetized at 2e3% isoflurane and the temperature was maintained at 37 C using circulating warm water. The heart rate, respiration and body temperature were monitored.
Images acquisition
A 7T MR scanner (ClinScan, Bruker BioSpin, Ettlingen, Germany) was used in the experiment. The phantom was allocated in the center of the magnetic field. Diffusion weighted images were acquired using a spin-echo echo planar imaging sequence with a mouse body coil. Thirty non-collinear diffusion weighted gradient directions were applied, which distributed over a full sphere optimized by the static electron repulsion model. For each gradient direction, 4 different bvalues were used, including 750, 1500, 2250 and 3000 s/mm 2 . In addition, a non-diffusion weighted measurement was acquired. Other imaging parameters included: repetition time ¼ 2800 msec, echo time ¼ 44 msec, matrix ¼ 64 Â 64, 5 slices, bandwidth ¼ 7815 Hz/pixel. The in vivo experiment was performed on a surface rat coil using the same imaging parameters, except for 20 slices and bandwidth of 1445 Hz/pixel. Different voxel sizes were achieved from the combination of various slice thickness and field of view with minimal image blurring. The voxel size varied between 1.210 and 2.366 mm 3 in phantom and 0.200e0.303 mm 3 in rat brains. Multiple averages were used to control SNR. Because SNR is unit free, the voxel with a median volume (1.694 mm 3 ) was used as a baseline for comparison. All the measured SNR in acquisition was calculated as percentage relative to this
At a glance commentary
Scientific background on the subject
The water diffusion in vivo is deviated from Gaussianity because of hinderance and restriction from the cell membranes and organelles. The study investigated the effect of voxel size, which can be associated with the underlying microenvironment complexity, on the measurement of diffusion when inherent factor such as signal to noise ratio was fixed.
What this study adds to the field
The measurement of diffusion by using Magnetic Resonance Imaging in a heterogeneous but isotropic phantom and in the rat brain is consistent within the range of voxel size for preclinical use and under a fixed signal to noise ratio. The result is reproducible for repeated measurements.
baseline, which varied within 11% in phantom and 5% in rat. Therefore we concluded that the SNR is controlled. [ Table 1 ] summarized the imaging parameters. [ Fig. 1 ] showed the diffusion images from the phantom and the rat, respectively (Phantom: panel A: non-diffusion weighting; B: 750 s/mm 2 and C: 1500 s/mm 2 ; Rat: panel D/G: mean diffusivity/kurtosis; E/H: axial diffusivity/kurtosis; F/I: radial diffusivity/kurtosis). Different contrast between fat and water can be noticed in the phantom.
Images processing and selection of region of interest
All image processing was performed with MATLAB 7.8 (Mathworks, Natick, Mass, USA). Both the diffusion tensor and the diffusion kurtosis tensor were calculated from a series of diffusion weighted images using the diffusion kurtosis estimator [18] . In phantom analysis, the regions of interest were selected manually from the central three consecutive slices on the diffusion weighted images of b-value of 750 s/mm 2 , because of the improved contrast between water and fat (seen as in [ Fig. 1] ). The mean value was calculated from a fixed region with a size of 200 pixels within each component of interest. Both the axial and radial kurtosis followed the definition by Jensen et al. [15] . Because the apparent diffusion coefficient of fat is too small [17] , the fat component was not included in the analysis. In the rat experiment, the whole brain on the non-diffusion weighted images was selected manually. The indices of interest included the mean/axial/ radial diffusivity and the corresponding diffusion kurtosis.
The SNR of the individual measurement was calculated from a non-diffusion weighted image. The signal was selected from a region of interest located either within the cream component of the phantom or from the whole brain in the rat. The noise was calculated as the standard deviation from a ghost-free region in the background.
Statistical analysis
All statistical analyses were performed by using SPSS (software package for Windows version 12.0, SPSS, Chicago, IL, USA). The reproducibility analysis followed Padhani et al. [19] .
Bland-Altman plots [20, 21] were generated by using MedCalc for Windows, version 12.5.0 (MedCalc Software, Mariakerke, Belgium). All statistical tests were performed at the five percent level of significance.
For each measurement, the ShapiroeWilk test was used to assess normal distribution of the samples. The squared root of the mean squared difference (dSD) and within-subject standard deviation (wSD ¼ dSD/√2) was calculated. The repeatability was assessed by a threshold below which the absolute difference between measurements is expected to lie for 95% of pairs of observations, which is 2.77*wSD. To quantify the measurement error relative to the diffusion indices, the within-subject coefficient of variation (wCV) was calculated by dividing wSD by the global mean.
The variance ratio was calculated to compare the between-subject variance and within-subject variance for each index. A parameter with a large between-subject variance, but a small within-subject variance would have a higher value in this ratio.
Results
[ Fig. 2 ] showed the effect of voxel size on the mean diffusivity and the mean diffusion kurtosis, which indicated that the measured values are stable throughout the range. The averaged mean diffusivity of phantom is 1.42 ± 0.00 * 10 À3 mm 2 /s in water (panel A), 1.29 ± 0.00 * 10 À3 mm 2 For between-scans reproducibility analysis, the ShapiroeWilk test indicated a normal distribution for all measurements (p > 0.05). The mean value of measurements, within-subject standard deviations, repeatability, withinsubject coefficient of variation and variance ratio were summarized for phantom [ Table 2 ] and rat brains [ Table 3 ], respectively. In the phantom experiment, the within-subject coefficient of variation was less than 6.99%. The measurement of mean diffusivity is relatively stable (ranged between 0.88 and 1.69% in water; 0.88e1.05% in cream) when compared to the corresponding mean diffusion kurtosis (ranged between 1.66 and 6.99% in water; 1.03e3.09% in cream). In addition, variation in cream is generally smaller than water (ranged between 0.88 and 3.09%), in term of both mean diffusivity and mean diffusion kurtosis. The variance ratio demonstrated good stability in all measurements (all p > 0.05), except for two at border (the mean diffusion kurtosis of water at voxel size of 1.452 mm 3 , p ¼ 0.048 and 1.694 mm 3 , p ¼ 0.033). Increased variance ratio can be noticed in most of the measurements of kurtosis of water (larger than 1) rather than cream, which might suggest increased fluctuation in water among the different voxel sizes.
Discussion
The effect of spatial resolution on the diffusion MRI measurement was assessed using a range of voxel size that is close to the general practice of the rat brain between 0.200 and 0.303 mm 3 and when the SNR remained controlled. The within subject variations and repeatability analysis showed good consistency in all measurements using a phantom of two compartments and from the rat brain. The study provides a reference value for quality control and evidence of reliability for comparisons between studies.
The reproducibility of the diffusion measurement
Diffusion measurement could be over or under-estimated when using different voxel sizes, which was related to the noise level. As the SNR decreased, the largest eigenvalue would be over-estimated; the smallest eigenvalue would be under-estimated [16] . This observation is valid under Gaussian diffusion. However, the effect of voxel size on the diffusion measurement might be different when under a condition of multiple compartments where the diffusion is deviated from Gaussianity. Diffusion imaging in human brain showed that increasing voxel size could bias mean, axial and radial diffusivities to higher values [22] . In the current study, the reproducibility was examined between two cream phantoms and two rats, with each repeated for 3 times. The diffusion measurement is reproducible within the range of the voxel sizes in investigation, in terms of the following 3 aspects: A. under different conditions, i.e. single compartment (water), two compartments (cream) and the in vivo environment (rat brain); B. among diffusion amplitude (diffusivity) and distributions (diffusion kurtosis) and C. along axial, radial and averaged in all directions. This can be evident from the within-subject coefficient of variation, which is 0.88%e6.99% for phantom and 0.69%e6.19% for the rat brain.
In the cream phantoms, 2 outliers were noticed [Figs. 3 and 4] . Both are results from the first two measurements, probably due to fluctuation in the scanner performance. Otherwise, the statistics [ Tables 2 and 3 ] demonstrated low variation among the phantom and the rat measurements. It is therefore suggested that the diffusion imaging is stable in a multicompartment model.
In the phantom measurements, the result from the two-compartment component (cream) showed improved performance than in single compartment (water), in term of fluctuation between different voxel sizes, repeatability and variance ratio. This observation might be related to the difference in diffusion properties under the compartmental environment. When compared to the phantom, the in vivo experiment showed increased variation in these indices, probably due to physiological motion. However, all deviations in the study are within the 95% of agreement.
The current study demonstrated that the diffusion parameters, such as mean diffusivity and diffusion kurtosis, are reproducible and repeatable in a two compartment phantom and in biological environment if at the similar level of SNR. This finding supports the previous hypothesis that the main factor contributing to the deviation in diffusion measurement could be related to noise.
Reproducibility in phantom and in vivo
A range of phantoms are available in studies related to measurement of diffusivity or diffusion kurtosis. These phantoms mainly belonged to the following two categories: homogeneous therefore isotropic; heterogeneous and anisotropic. However, in a scenario of multicompartments, the diffusion could be heterogeneous and isotropic. The cream phantom provided an environment that is isotropic and consisted of two compartments.
The mean kurtosis in either the water or cream component of our two compartment phantom are significantly higher than measured from water in a single compartment phantom [23] . Different interaction between the water component and the fat globules might exist. The study therefore provided evaluation in a setting that is close to the realistic heterogeneous condition. Noticeably, the diffusion kurtosis in the rat is consistent with literature [15] . Compared with the cream phantom, the mean diffusivity in rat is reduced and the mean diffusion kurtosis increased. This observation might be related to the hindered or restricted diffusion in the biological environment, the contamination from physiological motion, or both. Increased variation in the in vivo measurements was noticed, but the reproducibility and repeatability are within the 95% confidence level. The result demonstrated a good stability and reproducibility of diffusion measurement even under a complicated compartmental diffusion and with motion artifact. The study might increase the confidence of the use of both DTI and DKI in the routine practice or animal experiment.
Limitation
Because of the repeated measurements, the cream was kept in the scanner room for 14 h. The main limitations in the study is the potential degradation of the cream phantom. Furthermore, the two compartment model often assumed the same T2 relaxation in both fat and water, which is indeed different. The heating procedure has been proposed to minimize such difference. The current study did not heat up the cream phantom because it might result in potentially different water concentration between phantoms during the process. Even though the reproducibility can be affected by these limitations, the variation is still minimal.
Conclusion
The measurement of diffusion in an isotropic and heterogeneous phantom as well as the rat brain is consistent with different spatial resolutions when controlled SNR, and reproducible for repeated measurements. It summarized the reproducibility analysis of diffusion index under different voxel sizes for the in vivo experiment. The statistics included within-subject variation, repeatability, and within-subject coefficient of variation and variance ratio. Abbreviations used: MK: mean diffusion kurtosis; MD: mean diffusivity.
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